The excitation of magnetospheric whistler-mode chorus in response to interplanetary (IP) shocks is investigated using wave data from the Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft. As an example, we show a typical chorus wave excitation following an IP shock event that was observed by THEMIS in the postnoon sector near the magnetopause on 3 August 2010. We then analyze characteristic changes during this event and perform a survey of similar events during the period 2008-2014 using the THEMIS and OMNI data set. Our statistical analysis demonstrates that the chorus wave excitation/intensification in response to IP shocks occurs only at high L shells (L > 8) on the dayside. We analyzed the variations of magnetic curvature following the arrival of the IP shock and found that IP shocks lead to more homogeneous background magnetic field configurations in the near-equatorial dayside magnetosphere; and therefore, the threshold of nonlinear chorus wave growth is likely to be reduced, favoring chorus wave generation. Our results provide the observational evidence to support the concept that the geomagnetic field line configuration plays a key role in the excitation of dayside chorus.
Introduction
Magnetospheric whistler-mode chorus waves are right-handed elliptically polarized electromagnetic emissions, which play an important role in radiation belt electron dynamics [Burtis and Helliwell, 1976; Smith, 1974, 1977; Meredith et al., 2001; Thorne, 2010; Li et al., 2012] . Frequency spectra of magnetospheric chorus waves have been characteristically divided into two bands 0.1-0.5 f ce and 0.5-0.8 f ce with a gap at 0.5 f ce , where f ce is the equatorial electron gyrofrequency. Chorus waves are believed to cause enhancements of relativistic electron fluxes via wave-particle interactions Horne et al., 2005; Bortnik et al., 2007; Ni et al., 2008 Ni et al., , 2011a Ni et al., , 2011b Ni et al., , 2014 Thorne et al., 2013; Li et al., 2007 Li et al., , 2008 Li et al., , 2014 Tu et al., 2014] . Chorus waves also modify the electron pitch angle distribution and scatter plasma sheet electrons into the loss cone, thereby causing the precipitation loss to form the diffuse and pulsating auroras [Horne and Thorne, 1998; Shprits et al., 2006; Tsurutani et al., 2009; Ni et al., 2011b Ni et al., , 2014 Nishimura et al., 2010 Nishimura et al., , 2013 Thorne et al., 2010; Summers et al., 1998 Summers et al., , 2002 . Besides the dual role it plays in both acceleration and loss of radiation belt electrons, magnetospheric chorus acts as an important source of plasmaspheric hiss [Bortnik et al., , 2009a .
Generation of chorus waves is generally attributed to the wave-particle interaction of noise-level seed waves with anisotropic electrons having energies between a few and tens of keV [e.g., Kennel and Petschek, 1966; Kennel and Thorne, 1967; Tsurutani and Smith, 1974; Nunn et al., 1997; Chum et al., 2007; Omura, 2007a, 2007b; Omura et al., 2008; Omura and Nunn, 2011; Tao, 2014] . While the mechanism(s) responsible for the chorus excitation has been a subject of intense research [e.g., Omura et al., 2008 Omura et al., , 2009 Bespalov et al., 2010; Schriver et al., 2010; Lampe et al., 2010; Demekhov, 2011; Katoh and Omura, 2013; Tao, 2014; Mourenas et al., 2015; Nunn and Omura, 2015] , further investigation is required to understand chorus generation with various wave normal angles and emission types (i.e., rising/falling tone and hiss-like emission) [Santolík et al., 2009; Li et al., 2011; Gao et al., 2014] .
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Previous statistical studies of the global distribution of chorus waves show that chorus wave properties are strongly dependent on the spatial location and the level of geomagnetic activity [e.g., Tsurutani and Smith, 1977; Parrot and Gaye, 1994; Meredith et al., 2003 Meredith et al., , 2014 Santolík et al., 2003 Santolík et al., , 2005 . According to a comprehensive global survey of magnetospheric chorus wave distribution [Li et al., , 2009b Meredith et al., 2012] , chorus waves at low latitudes or near-equatorial region present an obvious day-night asymmetry. Dayside chorus shows persistently high occurrence rates even during geomagnetically quiet times. Distinct from the nightside chorus excitation related to substorm activity, the generation mechanism of dayside chorus remains an open question. [2010] performed a statistical analysis by using ELF/VLF wave data from two Antarctic ground stations. By investigating the occurrence rate, amplitudes, and drivers of magnetospheric chorus waves, they reported that chorus waves in the noon sector are less dependent on geomagnetic activity and are occasionally observed even during quiet conditions, which they attributed to the anisotropic electron distributions due to drift shell splitting and more homogeneous background magnetic field due to the solar wind compression of the dayside magnetosphere. Keika et al. [2012] also performed a case study of chorus waves on the dayside observed by Time History of Events and Macroscale Interactions during Substorms (THEMIS) satellites and ground-based ELF/VLF receivers. They found that the nearly uniform field (dB/ds~0) is favorable for the existence of long-lasting, localized, quiet time dayside chorus waves. Both studies imply the importance of the background magnetic field line configuration to the chorus excitation from an observational perspective. [2013] studied the effect of the background magnetic field inhomogeneity on the generation process of whistler-mode chorus emissions using self-consistent electron hybrid code simulations. They found that the small spatial inhomogeneity of the ambient magnetic field results in a small threshold amplitude for the nonlinear growth rate which allows the triggering process to occur more easily. Tao et al. [2014] carried out a similar investigation on the day-night asymmetry of chorus occurrence rate and also found that the nearly uniform magnetic field on the dayside significantly lowers the threshold condition for chorus excitation, while the stretched nightside magnetic field requires a higher value of temperature anisotropy or hot electron number density to generate chorus.
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[2012] studied a chorus intensification event in the dayside magnetosphere on 3 September 2009. They claimed that due to the interplanetary (IP) shock compression, the temperature anisotropy of electrons was enhanced, which could make the chorus intensification very effective. In addition to this effect, we expect that the IP shock compression can potentially modify the magnetic field line configuration on the dayside, which needs further investigation to understand the underlying influence of the geomagnetic field line homogeneity on the chorus wave excitation.
The purpose of this study is to investigate the chorus wave excitation in response to interplanetary (IP) shocks in a statistical sense. By using wave observations from the Time History of Events and Macroscale Interactions during Substorms (THEMIS) spacecraft, we aim to identify the preferential locations of chorus wave excitation and to understand the physical factors accounting for the chorus wave excitation in association with an IP shock.
The outline of this paper is as follows. In section 2, we give a brief description of the data and methodology used for investigating the responses of chorus waves to IP shocks. A detailed case study is presented in section 3. A typical interplanetary shock is identified, and the simultaneous THEMIS spacecraft observations are described. In section 4, we present the statistical results for the period of 2008-2014 and our superposed epoch analysis results. In section 5, we further discuss the chorus wave excitation/intensification in response to IP shocks followed by the summary in section 6.
Data and Methodology
The THEMIS mission consists of five satellites in near-equatorial orbits with apogees above 10 R E and perigees below 2 R E [Angelopoulos, 2008] . The locations of the THEMIS satellites are ideally situated to investigate magnetospheric chorus emissions since these are typically generated near the equator and can include key parameters such as background magnetic field, total electron density, and electron pitch angle distributions. In this study, data from only three satellites, THEMIS A (ThA), THEMIS D (ThD), and THEMIS E (ThE) are included since they are mostly located in the inner magnetosphere. Data from the Electric Field Instrument (EFI), The EFI measures the waveforms and three-axis spectra of the ambient electric fields from DC up to 8 kHz [Bonnell et al., 2008] . The SCM measures lowfrequency magnetic field fluctuations and waves in three orthogonal directions over a frequency range from 0.1 Hz to 4 kHz [Le Contel et al., 2008; Roux et al., 2008] . The EFI and SCM output waveforms are digitized and processed by the Digital Fields Board . The FGM measures background magnetic fields and their low-frequency fluctuations (up to 64 Hz) [Auster et al., 2008] . The ESA collects the electron pitch angle distribution data for energies ranging from a few eV up to 30 keV. Furthermore, total electron density can be inferred from the spacecraft potential measured by EFI and electron thermal velocity measured by ESA [Li et al., 2010b] . Equipped with high-quality and high-performance electric field (EFI), magnetic field (SCM), and particle (ESA) instruments, the THEMIS satellites provide an excellent opportunity to study chorus waves and their response to interplanetary shocks.
High-resolution OMNI data are obtained from the OMNI website (ftp:// spdf.gsfc.nasa.gov/pub/data/omni/high_res_omni/). The proton density, solar wind flow speed, interplanetary magnetic field (IMF) B z in GSM coordinates, and solar wind pressure are selected to identify the arrival time of a shock. Since the resolution of OMNI-HRO data is 1 min, the IP shock events identified in this study have an inherent 1 min accuracy. Figure 1 shows the solar wind and IMF conditions from 13:00 to 20:00 UT on 3 August 2010. Figures 1a-1d show the solar wind density, solar wind velocity, IMF B z in GSM coordinates, and solar wind dynamic pressure, respectively. Between 17:40 and 17:41 UT (around the vertical dashed line), the solar wind density increased from 5 to 12 cm À3 , the solar wind velocity increased from 410 to 580 km/s, IMF B z decreased from 0 to À5 nT, and the solar wind dynamic pressure increased from 1.5 to 5 nPa, all of which indicate typical features of an interplanetary shock [e.g., Yue et al., 2010; Zong et al., 2009] . Figure 2a shows the total electron density inferred from the THEMIS spacecraft potential. Figure 2b shows the total magnetic field B tot (black) and the z component B z (red) in the solar magnetic coordinate system. Note that B z was almost the same as B tot , indicating that the total variation in the ambient magnetic field mainly occurred in the z direction. and 2e show the time-frequency spectrograms of the wave electric and magnetic components during the interval using the SCM particle-burst mode data. Chorus wave amplitudes (B w ) calculated as the integral of wave magnetic spectral density between 0.1 and 0.8 f ce are plotted in Figure 2f . The local electron cyclotron frequency is first obtained from the ambient magnetic field measured by the FGM instrument on board THEMIS and then converted to the equatorial electron cyclotron frequency f ce based on a dipole magnetic field model.
Event Study: THEMIS Observation During an IP Shock
THEMIS A was inside the magnetopause when the shock occurred and provided fairly good measurements of plasma waves and particle distributions near the dayside. As shown in Figure 2 , shortly after the shock impinging at the dayside magnetopause around 17:40:10 UT, the background magnetic field began increasing (Figure 2b) show the enhancement of the wave electric and magnetic components in the spectrogram. The excited waves occurred at frequencies between 0.1 and 0.5 f ce , indicating a typical lower band whistler-mode chorus wave signature. Figure 2f shows that the excited chorus wave amplitudes increased substantially from~7 tõ 80 pT. However, significant changes in electron density ( Figure 2a ) and electron energy flux ( Figure 2c ) were not observed before~17:41:10 UT.
In order to examine whether this chorus wave intensification was induced by changes in the anisotropy of electron pitch angle distribution, we show in Figure 3 the time evolution of the electron phase space density as a function of pitch angle for 12 different energy channels from 1.3 to 26.8 keV having an accumulation time of 3 s. We also calculate the minimum resonant energy for the cyclotron resonance [Li et al., 2010a] and find that it is less than 20 keV during the period concerned, indicating that electron measurements obtained from ESA could give essential information of the energetic electrons that provide a source of free energy for chorus excitation. The vertical black dashed line in Figure 3 indicates the approximate starting time of background magnetic field increase. However, no significant changes in electron pitch angle distribution are observed before and after the black dashed line, which implies that the electron anisotropy remains essentially unchanged after the IP shock impact.
In summary, in this event, which occurred at a large L shell (~9.5) in the afternoon sector, an obvious chorus intensification was observed in response to the IP shock, along with an increase in the background magnetic field. However, the electron pitch angle distribution did not exhibit a significant change, so the chorus was not likely excited due to an increase in the available free energy but likely due to a decrease in the threshold required to excite chorus.
Statistical Analysis of Chorus Wave Excitation During IP Shock Events
In order to comprehensively investigate the chorus wave excitation in response to IP shocks, we analyzed 20 IP shock events that occurred between 1 January 2008 and 31 December 2014, which have simultaneous observations of chorus made by THEMIS A, THEMIS D, and THEMIS E. During this 7 year period, the THEMIS spacecraft provide excellent coverage in MLT and L shell. Table 1 . Figure 4 demonstrates that the chorus wave excitation/intensification in response to IP shocks preferentially occurs at high L shells (larger than 8) and on the dayside (MLT from 6 to 18), which may be close to the dayside magnetopause. By using the model introduced by Shue et al. [1997 Shue et al. [ , 1998 ], we calculate the distances to the magnetopause of all probes with chorus wave excitation/intensification as the IP shock arrival. The rootmean-square value is~1.5 R E , which indicates that all the probes with chorus wave excitation/intensification are located quite near the magnetopause. It is interesting to note that, if the chorus wave excitation/intensification induced by the same IP shock is observed by two or three probes, the wave characteristics are very similar. However, we did find two events where the spacecraft were close to each other and one satellite captured the chorus intensification but the other did not. This provides some information about the spatial distribution of the excited chorus waves.
To investigate the chorus wave intensification/excitation in response to IP shocks comprehensively, we conduct a superposed epoch analysis of the selected 20 IP shock events associated with chorus wave excitation/intensification. In the superposed epoch analysis, we define the zero epoch time as the time when the background total magnetic field begins to increase. The statistical results are shown in Figure 5 for the normalized hot (1-30 keV) plasma density (Figure 5a ), the normalized total electron density (Figure 5b ), the normalized background total magnetic field (Figure 5c ), and the chorus wave power (Figure 5d ), respectively. The green and red lines are the mean and median values of the 20 events. The hot plasma density, total electron density, and background total magnetic field are normalized to the values at 3 min before the zero epoch time.
From the statistical analysis shown in Figure 5 , we find that in association with the IP shocks, chorus wave excitation/intensification is clearly observed at high L shells on the dayside along with an enhancement of the background magnetic field intensity. However, during the period of chorus wave excitation, the total electron density and hot electron flux remained almost unchanged. 
Discussion
In the above analysis, we focused on the impact of IP shocks on the chorus wave excitation/intensification. The IP shocks are identified from the solar wind and IMF parameters. Using simultaneous measurements from the THEMIS satellites, we examined the chorus wave excitation/intensification in response to IP shocks. We investigated the evolution of total electron density, geomagnetic field, electron flux, wave electric and magnetic field power spectra, wave amplitude, and energetic electron phase space density and found that after the IP shock arrival, clear chorus wave intensification is observed along with an increase in ambient magnetic field intensity while the electron pitch angle distribution shows no significant changes.
Our statistical results indicate that the chorus wave excitation/intensification associated with IP shock impact is typically observed by THEMIS spacecraft at high L shells (>8) on the dayside close to the magnetopause. This is probably because the compressional effect on the magnetic field caused by IP shocks is most significant in that region. By using the Tsyganenko (TS04D) model [Tsyganenko and Sitnov, 2005] and OMNI-HRO 1 min data, we plot the magnetic field configuration of the magnetosphere before and after the IP shock arrival for the event shown in Figure 2 . To justify the accuracy of this adopted geomagnetic field model, we compared the model results with the ambient magnetic field properties measured by THEMIS A, which shows good agreement with each other. Figure 6a (6b) shows the magnetic field line configuration 1 min before (after) the IP shock arrival in the meridian plane at 15.9 MLT. The red crosses in Figures 6a and 6b indicate the locations of THEMIS A before and after the shock. We find that compared to the magnetic field line configuration before the IP shock, the magnetic field line after the shock appears to be more homogeneous, DAYSIDE CHORUS DUE TO IP SHOCKespecially near the magnetospheric equatorial region. In Figure 6c , we calculate the time evolution of magnetic field curvature (1/B)(dB/ds) on the equatorial plane for the magnetic field line where THEMIS A is located. The background magnetic field line curvature is calculated by fitting two quadric surfaces based on TS04D [Tsyganenko and Sitnov, 2005] . The dashed line in Figure 6c marks the time when the IP shock arrives. It should be noted that due to the 1 min time resolution of OMNI data, this timing has an uncertainty of up to 1 min. Figure 6c indicates that the curvature of magnetic field decreases after the shock arrival. This decrease is caused by the compressional effect of the IP shock. We have also carried out a superposed epoch analysis of the background magnetic field curvature change during the 20 IP shock events associated with chorus wave excitation/intensification, and the results are shown in Figure 7 . The value of dB/ds decreases after the IP shock arrival for most events, indicating that the magnetic field configuration plays an important role in the chorus wave excitation/intensification.
According to Omura et al. [2008] , a smaller value of dB/ds favors the phase trapping of electrons in the potential well of the wave, which is considered a necessary condition for nonlinear wave growth. Our observational results confirm that a more homogeneous field configuration (smaller (1/B)(dB/ds)) is particularly favorable for chorus wave generation, which is consistent with the theoretical studies by Katoh and Omura [2013] and Tao et al. [2014] .
We also point out from Figure 2 that the temporal duration of chorus wave excitation observed by the THEMIS spacecraft only lasts for about 30 s. However, the compressional effects on the magnetic field caused by IP shocks were sustained for at least a few minutes. We suggest that this inconsistency might be because energetic electron distributions are in a marginally stable state on the dayside; and thus, the free energy stored in anisotropic electrons is limited and might be capable of providing chorus wave excitation for a short period (i.e.,~30 s). This marginal instability could potentially account for both the short duration of the chorus bursts and the very small changes in electron pitch angle distributions, which are probably not noticeable in the 3 s averaged THEMIS electron measurements. Therefore, we cannot completely exclude the possibility that chorus intensification in association with IP shocks might be caused by this small change in electron distributions, as suggested by Fu et al. [2012] , but this change in electron distributions from the present study is indeed smaller than what is reported by Fu et al. [2012] . However, a more detailed investigation is beyond the scope of the present study, and a future investigation is required to better understand this inconsistency.
Conclusions
In the present study, we have investigated the chorus wave excitation/intensification at high L shells in the dayside magnetosphere in response to IP shocks, using chorus wave data from the THEMIS spacecraft, collected in the near-equatorial magnetosphere. The principal conclusions are summarized as follows:
1. Excitation/intensification of dayside chorus waves is observed without any clear change in anisotropic electron distributions after the IP shock arrival. 2. Based on a statistical survey of THEMIS data from 2008 to 2014, 20 events of chorus wave excitation are identified in close association with IP shocks, and these events characteristically occur at high L shells (>8) in the dayside magnetosphere. 3. Analysis of the geomagnetic field line configurations suggests that a more homogeneous ambient magnetic field configuration could play a key role in the generation/amplification of dayside chorus during a period lasting~30 s following the IP shock arrival. However, the short duration of the chorus wave relative to the longer period of the reduced curvature of the field line (typically lasting for a few minutes) is beyond the scope of the present study and requires further quantitative investigation.
